Introduction
Nuclear forensics is a key element of nuclear security aiming at the identification and characterisation of seized nuclear material, such as uranium or plutonium, to reestablish the history of the nuclear material of unknown origin. By applying advanced analytical techniques, the isotopic composition, the chemical impurities and the macro-or microstructure of the nuclear material can be determined [1] . The potential and advantages of the "age" determination of the material has been successfully demonstrated [1, 2] . The "age" of a nuclear material refers to its production date, i.e. the time elapsed since the last chemical separation of the daughter nuclides from the parent U or Pu radionuclides [3, 4] . During its production, the nuclear material is chemically purified from impurities including radioactive decay products. However, up to now, no certified age dating reference materials existed for the validation of mass spectrometric or radiometric methods, which in combination with the proper uncertainty evaluation [5] , are required to characterise intercepted nuclear material, establishing its age and origin without ambiguity. This determined origin can be then verified against the declared origin of the seized material and therefore provide the necessary evidence for nuclear safeguards and nuclear forensic investigations in a court of law.
The European Commission Joint Research Centre Institute for Reference Materials and Measurements (JRC-IRMM) is a renowned producer of certified reference ma-terials (CRMs) and of quality control/conformity assessment tools such as inter-laboratory comparisons (ILCs) supporting nuclear safeguards and security. In this context, the two EC-JRC institutes, JRC-IRMM and JRC-ITU (Institute for Transuranium Elements) joined efforts to produce uranium reference materials certified for the production date suitable to serve as a reference material for method validation in 'age dating' of uranium materials.
These CRMs, called IRMM-1000a (20 mg uranium) and IRMM-1000b (50 mg uranium), were prepared from a lowenriched uranium solution by a complete chemical separation of thorium from uranium at a well-known time with subsequent monitoring of the ingrowth of the daughter nuclides in the purified material, which confirmed the very high Th separation efficiency. Before release, units from these CRMs were used as Proficiency Test (PT) items for the Regular European Inter-laboratory Measurement Evaluation Programme, REIMEP-22 "U Age Dating -Determination of the production date of a uranium certified test sample" [6] .
REIMEP-22 was organised, according to ISO/IEC 17043:2010 [7] , in support to the Nuclear Forensics International Technical Working Group (ITWG). The ITWG is an international network of nuclear forensics experts, including nuclear scientists, law enforcement and regulators, contributing to advances in nuclear forensics through a variety of activities, such as comparative material analysis exercises, guidelines and best practices. Beyond the ITWG, network laboratories or institutions in the field of nuclear and environmental sciences also participated in REIMEP-22. Participants received one 20 mg and/or one 50 mg uranium certified test sample with an undisclosed value for the production date, depending on the applied measurement technique. They were asked to report the two parent/daughter pairs: This paper presents the results reported by REIMEP-22 participants, the evaluation of the participant performances and discusses the questionnaire and participants' feedback in order to gain insight in the current techniques applied in age dating and the expertise applicable in the field of nuclear forensics.
Materials and methods

Preparation of REIMEP-22
The REIMEP-22 certified test samples were prepared in the framework of the production and certification of the reference materials, IRMM-1000a and IRMM-1000b, in compliance with ISO Guide 34 [8] . They were produced from a low-enriched uranium solution (with a relative mass fraction ( 235 U)/ (U) of 3.6%) after chemical separation of thorium decay products from the material, at a wellknown time. The production date was then confirmed by measuring the ingrown 230 Th in the material. The methodology by Varga et al. [9, 10] was the analytical method used for the production of the certified test samples. The resulting purified uranium solution was dispensed into precleaned PFA (perfluoroalkoxy alkane) vials to produce 161 units in two sizes: 20 mg (IRMM-1000a) and 50 mg uranium (IRMM-1000b) in dried uranyl-nitrate form.
Assignment of the reference value
The reference value is the carefully recorded date and time of the last chemical separation and corresponds to the complete removal of thorium from the original uranium material. The reference value is the production date expressed as dd/mm/yyyy with an expanded uncertainty in days and is based on the 230 Th/ 234 U radiochronometer.
A complete uncertainty budget was established in accordance with the 'Guide to the Expression of Uncertainty in Measurement' (GUM) [11] . The completeness of the separation of thorium from the uranium was assessed during the confirmation and homogeneity assessments carried out in compliance with ISO Guide 34, ISO Guide 35:2006 [12] , and ISO 13528 [13] as part of the certification of the reference material. Detailed results of these assessments are described in Venchiarutti et al. [14] . The confirmation study demonstrated the successful purification of the uranium material (resulting in an expanded uncertainty of 0.17 d, = 2), whereas the homogeneity study using one-way analysis variance (ANOVA) showed that the REIMEP-22 certified test samples were considered sufficiently homogeneous for the purpose of this PT with an expanded uncertainty for homogeneity of the production dates and associated uncertainties. Participants were requested to report three replicates of the ratio and the average value normalised to a common reference date specified by the ILC organiser as 06/03/2013 (6 March, 2013) . This enabled the evaluation of the measurement results without any data treatment by the ILC organiser. This approach leaves the responsibility for the reported result with the participant and enables to identify directly any differences in the reported ratio results. The participants' results are presented with their respective lab codes in Figures 1-2 reference value (Figure 1a ), whereas all the other participants reported systematically production dates that corresponded to a younger age than the known age, i.e. the known time elapsed between the reference value (09/07/2012) and the reference date (06/03/2013). This shift towards younger age might result from an incomplete re- Table 1 : Reported production date (as dd/mm/yyyy) and uncertainties in day based on the average measured ( covery (due to loss) of thorium in the REIMEP-22 samples, prior to the addition of the Th spike in the samples [9] . For the results of the 50 mg uranium certified samples measured by the -spectrometry (Figure 2a) , two participants L58 and L54 reported production dates that agreed within uncertainties with the REIMEP-22 reference value, though L54 reported a larger uncertainty than L58. Laboratory L57 reported a value close to the reference value and standard uncertainty while L59 reported a production date that significantly deviates from the reference value (Figure 2a) . The good agreement of the reported average ratios for the ( 230 Th)/ ( 234 U) amount ratios with the resulting production dates in Figure 2a and 2b confirmed that all the participants reported correctly their average activity ratios for 06/03/2013. In general, the reported uncertainties for the -spectrometry are larger than those for the mass spectrometry measurements ( Figs. 1 and 2 ). The relative uncertainties for the mass spectrometric measurements on the 20 mg certified test samples are in the range of 2% to 15%, whereas they are within 8 to 30% in the case of -spectrometry measurements for the 50 mg certified test samples. The reported production dates for REIMEP-22 (Figure 2a) estimated by -spectrometry do not appear to display a systematic shift towards younger age as observed for the mass spectrometry results (Figure 1a ). In the past, a negative bias in the -spectrometry results was observed by Wallenius et al. [15] , resulting in younger ages than the known ages. The absence of such bias in the REIMEP-22 -spectrometry may be due to the use of both techniques by some participants. Indeed, laboratories L54 and L58 (Figure 2 ) participated as well in the measurements of the 20 mg sample with mass-spectrometry (identified by L50 and L48 respectively in Figure 1 ), while laboratory L57 measured the sample with TIMS and -spectrometry. This could have influenced the way how these participants treated the 50 mg sample prior to -spectrometry measurements, but, as can be seen from the difference in the reported results of laboratories L54-L50 and L58-L48 in Figure 2-Figure 1 , these participants reported independently the production dates based on their -spectrometry or mass spectrometry measurements, respectively.
Most REIMEP-22 participants reported uncertainties according to the Guide for Quantifying Measurement Uncertainty (GUM) [11] issued by the International Organization for Standardization as ISO 99:2005. Six laboratories reported expanded uncertainties with a coverage factor = 2 and three others reported standard uncertainties ( = 1) according to the GUM [11] . One laboratory reported uncertainties with = 2 using another standard for the quantification of uncertainty (here the GOST R-ISO-5725-2-2002), while another laboratory propagated the analytical uncertainties (with a coverage factor = 2 and using a Student factor for the average ratio).
As can be seen from Figures 1 and 2 some participants underestimated the uncertainties associated with their measurements and the production date. On the one hand, laboratories L45, L50, L47, and L42 reported results with a significant deviation from the reference value (Figure 1a) . Their uncertainties did not reflect these biases and there is no overlap with the certified range. On the other hand, laboratory L52 (Figure 1a and b) reported only a standard uncertainty ( = 1) for the measurement of the 20 mg uranium certified test sample. Therefore, although the reported production date did not deviate much from the reference value, the difference is significant. The same can be observed in Figure 2a for the measurement of the 50 mg uranium certified test sample for laboratory L57, which also underestimated the uncertainty by reporting the production date with a standard uncertainty ( = 1), instead of reporting the expanded uncertainty with a coverage factor = 2, as it was done for the average ( 230 Th)/ ( 234 U) amount ratio. 
Evaluation of laboratory performances
The ITWG does not recommend quality goals or performance criteria to the network laboratories that could have been used in REIMEP-22 to assess the laboratories measurement capabilities. It was therefore agreed to evaluate the measurement performance in REIMEP-22 by means of z-and zeta-scores in compliance with ISO 13528 [13] .
The zeta-scores were calculated for each laboratory results reported with an uncertainty and give an indication of whether the estimate of the uncertainty is consistent with the laboratory's deviation from the reference value as given in Section 2.2 [17] .
In this paper, the authors suggest 5% of the known age of 464.2 d of the material on 16/10/2013 as relative standard deviation () for proficiency assessment [13] .̂was set to 23.2 d. The same criterion was used in REIMEP-22 for the homogeneity assessment [17] . The -score provides an indication whether a laboratory is able to perform the measurement in accordance with the. The scores are expressed as follows: An unsatisfactory laboratory performance may be caused by an underestimated uncertainty or by a large deviation from the reference value. Since all the laboratories participating in REIMEP-22 provided uncertainties with a coverage factor ( ), the standard uncertainty of the laboratory ( lab ) was calculated as the reported uncertainty divided by the coverage factor. Deviation from the reference value and tendencies of laboratories to underestimate their uncertainties are discussed in Figure 3 using the "Naji plot" as a straightforward graphical tool to evaluate participants' results [18] . The two scores are combined as expressed in Eq. (3), which display the participants results/performances by means of z-scores ( -axis) with respect to the acceptable uncertainty ( -axis) in areas delimited by |zeta| ≤ 2 and min ≤ lab ≤ max with min = ref , and max = 2 ⋅.
Results fall in the Naji plot within areas defined in Figure 3 by two parabolas ( = 2 delimits the performance criteria domain for |zeta| = 2 and = 3 the one for |zeta| = 3)
delimiting the different performance criteria domains. Results falling in the area delimited by max and |zeta| ≤ 2
are satisfactory and results in the area delimited by max and |zeta| ≤ 3 are questionable. Figure 3 shows that five results (L43, L46, L48/L58 and L49) fall within the area corresponding to satisfactory performances, i.e. that their reported value and its uncertainty falls well within the range of the acceptable uncertainty based on â= 0.05 ref ; even though laboratory L46 reported an uncertainty that may be underestimated (smaller than ref , Figure 3 ). Two laboratories L52 and L57 reported questionable results. Among the laboratories having reported satisfactory or questionable results, five are part of the ITWG (L48 and L58 represent the same laboratory having measured both REIMEP-22 samples). It is interesting to see that laboratories L49 and L43 considered themselves as not very experienced in Th-U mass spectrometry measurements, yet they reported satisfactory results. Moreover, laboratories L42, L47 and L48 reported that they did not have a routine measurement procedure in place to measure such low amount of Th samples and had to set-up completely new methods to analyse the REIMEP-22 sample(s) with mass spectrometry. The results for laboratory L48 are therefore very encouraging and confirm that the newly developed analytical procedures are suitable for this kind of measurements. For the two other laboratories, the determination of low amount of Th in the certified samples remains an analytical challenge. Concerning the analysis of the 50 mg samples, only laboratory L58 reported to be experienced in the radiometry measurements of Th-U samples; experience that is confirmed in Figure 3 by the satisfactory laboratory performance within reported uncertainty. While results using -spectrometry have larger but realistic uncertainties, the majority of the laboratories using mass spectrometry underestimated the uncertainty (|zeta| > 2 in Figure 3 ). This clearly shows the importance of providing reasonable and realistic measurement uncertainties, which do not have to be necessarily as small as possible. The questionable performance of laboratory L57 indicates that the calculation of realistic uncertainties might be an issue. This laboratory possibly underestimated the uncertainties on the reported ratios or/and production dates, as may have done laboratory L45. In addition, laboratories L46 and L47 reported an expanded combined uncertainty smaller than the expanded uncertainty of the reference value (Figure 3) .
Five out of the eleven REIMEP-22 participants reported results that met the laboratory performance criteria set by the PT organisers (based on the scores and acceptable uncertainty), by reporting values and expanded uncertainties within the range of the expanded uncertainty of the reference value.
Discussions on the participants'
answers to the questionnaire
Analytical methods used for REIMEP-22 samples
Participants used from 0.1 mg up to almost 6 mg of sample for one aliquot/replicate for the mass spectrometry measurements and up to 15 mg of sample for the -spectrometry measurements. Three laboratories using mass spectrometry technique did not perform any chemical separation prior to measurements. Other participants applied a chemical treatment by dissolving the samples in nitric or hydrochloric acid followed by a separation using TEVA ® resin or anion exchange (e.g. AG 1-X8). Some participants used co-precipitation with lanthanides to separate Th from U before -spectrometry measurements. All the participants applied isotope dilution for the determination of the amount or activity of Th and U in the samples. For the mass spectrometry measurements, seven out of the nine participants used Multi-Collector ICP-MS (MC-ICP-MS) for the U/Th measurements while two other laboratories used Sector-Field ICP-MS (SF-ICP-MS). For the measurement of the 50 mg uranium certified samples, all the participants used -spectrometers. Laboratories L59 and L57 measured Th by -spectrometry and U by Thermal Ionisation Mass Spectrometry (TIMS). Certified reference materials were used for instrument calibration, mass bias and abundance sensitivity correction. Furthermore, CRMs were used for the quantification of in-house spikes ( 229 Th).
The components of the uncertainty budgets
For the determination of the production date based on the (amount or activity) tainty came from the thorium determination, whether using mass spectrometry or -spectrometry. This is mainly due to the low amount of thorium present in the relatively "young" REIMEP-22 certified test samples. For the mass spectrometry analysis, the low 
Use of half-lives and molar masses
REIMEP-22 participants were asked to report the half-lives (in years) and molar masses (g mol −1 ) with associated uncertainties (with a coverage factor = 2) used in their calculations. Pommé et al. [5] have shown recently that halflives and their uncertainties play a significant role in the final calculation of the age of the radioactive material and its uncertainty. This is of high importance in nuclear forensic science. Therefore, the REIMEP-22 organisers explicitly asked participants to report as well the bibliographic references for these values to get an overview of the commonly used half-lives within the nuclear forensic community.
The values for the half-lives and the expanded uncertainties as reported by the participants [17] indicate that participants in REIMEP-22 used the 234 U half-lives provided by DDEP-BIPM [19] and by Cheng et al. [20] , while more references were cited for the 230 Th half-life. There seems to be a possible misuse of the uncertainties associated with these values. Laboratories L48, L50 and L57 reported the same half-life values as given in DDEP-BIPM [19] , but L48 reported associated uncertainties that were twice the uncertainty value reported by the two other laboratories [17] . Similarly, L46, L49, L42 and L47 reported similar half-life values as those given in Cheng et al. [20] , while L42 reported uncertainties based on [21] that were twice the uncertainty value reported by the three other participants [17] .
For the values published in [19] , it appears that the expanded uncertainties as reported by L48 are correct, i.e. with = 2, so that the two other laboratories reported in reality standard uncertainties with = 1. On the other hand, L42 may have considered that the uncertainties for the 230 Th and 234 U half-lives provided in [20, 21] were standard uncertainties instead of expanded uncertainties with = 2. Therefore, the correct half-lives and their respective expanded uncertainties are summarised in Table 2 . More variations in the reported values were observed for molar masses than for half-lives, even though it has less influence on the final results [17] . Even if most of the reported values agreed well on the three first digits, the last significant digits were very different. Among the few reported uncertainties associated with molar masses, L48 reported an uncertainty for the 230 Th molar mass twice that of L50 and more than twice that of L47 [17] . Finally, the correct molar masses and uncertainties for ( 234 U)
and ( 230 Th) in g mol −1 are those reported by laboratory L48, based on Audi et al. [22] and are respectively:
234.0409521 ± 40 × 10 −7 and 230.0331338 ± 38 × 10
This study clearly indicates that harmonisation of the half-life and molar mass values from bibliographic sources/nuclear data references within the nuclear forensic community is necessary for a more accurate and robust determination of the age (production date) of a uranium sample and of its associated uncertainty. The references provided in this paper shall be used as a starting point towards the harmonisation of these values. The nuclear forensics community shall participate in or even initiate half-lives could be re-calculated with improved uncertainties. As a conclusion, a critical evaluation and harmonisation of published half-life values used for nuclear forensics shall be performed at international level by suitable organisations like BIPM, the IAEA, or dedicated nuclear forensics organisations, such as the ITWG.
Conclusions and outlook
REIMEP-22 offered a unique opportunity to laboratories involved in nuclear forensic to demonstrate that their measurement results for the characterisation of the age of uranium materials are fit for the intended purpose and within the required measurement uncertainties for stateof-practice sample analysis. The challenge for REIMEP-22 participants was to measure 230 Th/ 234 U in a young uranium sample containing a low amount of thorium. Most of the participants in REIMEP-22 performed well using mass spectrometry orspectrometry. The spread of results was larger for the measurements performed by -spectrometry than those performed by mass spectrometry. REIMEP-22 confirmed the quality of the analytical capabilities of the participating laboratories to determine the production date of similar intercepted uranium materials. However there is room for improvement in the estimation and reporting of measurement uncertainties. Moreover, discrepancies were identified among participants using different half-lives and molar masses and the corresponding uncertainties from bibliographic references. Attention should be brought to the reporting of results and determination of the associated uncertainties. Proper harmonisation of nuclear reference data, such as half-lives, should be ensured within the nuclear forensics community. The additional results reported by two of the participants indicate that the separation of 231 Pa from its mother 235 U might be complete in the certified test sample and that the 231 Pa/ 235 U radiochronometer could be used to determine the production date. This needs to be further confirmed by additional measurements.
